Abstract-Three-Phase PWM inverters are widely used in many applications. The dc bus of a three-phase PWM inverter is subject of harmonics due to the inherent PWM switching operation that may impose severe consequences to the system. The impact of 5 th and 7 th harmonic components on the dc bus ripple is investigated in this paper. The analytical formulation and simulation method have been used to quantify the impact of these harmonics on the dc bus quality. The results show that there is a low frequency component with an order of 6 (6 th harmonic) on the inverter dc side current which is explained and discussed here.
I. INTRODUCTION
Three-phase pulse width modulation (PWM) inverters are used in different industrial or commercial applications such as motor drives, uninterruptible power supplies and battery chargers [1] . The dc bus of a three-phase PWM inverter is subject of harmonics due to the inherent switching operation that may impose severe consequences to the system. Especially for a system with multiple devices sharing the same dc bus, harmonics can degrade the performance in terms of high frequency losses, intense transients and noise. Consequently, there are different phenomena of interest that requires a suitable frequency model of the converter towards the dc bus; transient voltages or currents, harmonic depended losses, stability, and electromagnetic compatibility (EMC) issues are typical examples [2] , [3] .
There are different harmonic elimination or suppression techniques to ease the situation. Typically a large capacitor is used in the dc side to smooth the dc side waveforms. The dc bus capacitor is a heavy and bulky component that can occupy more than 20% of the inverter volume [4] . Consequently, harmonic analysis in the both ac side and dc side is necessary towards a more effective and cost optimized system.
A three-phase three-wire inverter is a very common configuration in many applications like ac drive systems. The even harmonics and triplen harmonics can't flow in the ac side because of symmetry and zero neutral current.
However, other harmonics like 5th and 7th harmonics can exist in the system for some loads like motors or transformers, especially in saturation operation. It is shown here that those components result a low order harmonic (6th harmonic) plus some higher order harmonics around switching frequency or its multiples in the dc side.
After this introduction, the mathematical background which the impact of line harmonics on the dc side current is discussed too. Simulation results are provided in II. The frequency spectrum of the inverter dc side current is presented and discussed in this section.
V.
II. SPWM CONTROL AND LINE HARMONICS OF A THREE-PHASE INVERTER
A three-phase inverter is a voltage source converter device that converts a dc voltage to a desirable threephase voltage with an arbitrary voltage and frequency within the operation limit. There are different ways to generate the voltage; that is how one turns on or off 8 power switches. The SPWM method is one of the widely used schemes in which the command signals are generated by comparison of a high frequency carrier waveform with a reference signal having the desired fundamental frequency [3] . The inverter can be connected to a three-phase load that can be symmetric or asymmetric. Moreover, it can be a four-wire connection or a three-wire connection in which the null current is zero. Depending on the type of load, different harmonics are presented in the line current. The SPWM strategy and major line harmonics of a balanced three-phase threewire load is presented in this section. 
A. SPWM Control of a Three-Phase Inverter
The basic diagram of a three-phase SPWM inverter is shown in Fig. 1 . The gate command signals are generated by comparison of a high frequency carrier waveform, a high-frequency triangular waveform in this case, with a reference signal with the fundamental frequency. The main dc bus capacitor, C, filters the high frequency components in the dc side. There are six controlled switches named A, B and C which are in three legs. In each leg, the switches turn on and turn off status is in opposite order; so the top and bottom switches cannot conduct in the same time. The symbols SA, SB and SC are used to describe the status of the switches in each phase, which can be either 1 or 0. Status 1 indicates the case that the top switch is on and the bottom switch is off and status 0 stands for the vice versa. As can be seen from the figure, the negative dc terminal is marked as N and the midpoint of the dc source is indicated as o. Moreover, the ac side load is not shown in this figure and just the load currents are presented which is sufficient in this context.
It is assumed that the controller is based on a naturally sampled three-phase SPWM schemes with a triangular carrier wave with an angular frequency of Assume that the reference voltages are
where is the peak of output voltage, is the dc source voltage, and M is the modulation index defined as . Here it is assumed that the value of M is between 0 and 1 as . Fig. 2 shows the three-phase reference voltages for the phase A, B and C and the triangular carrier waveform for a few cycles of a SPWM without the zero sequence injection. Moreover, the switching functions SA, SB and SC are shown in this figure too. As mentioned earlier, the PWM is of the naturally sampled type, in which the control signals are not constant during the carrier period. For a regularly sampled PWM, the control signals are constant during each carrier period or for half a period [3] .
The output phase potentials with respect to point N can be written as [3] . harmonics are major components and higher orders have lower significance [5] . At this work only 5 th and 7 th harmonics are considered and higher orders are neglected for the sake of simplicity in the analytical formulation.
Assume that the inverter ac line currents are
where is the angular frequency of the current; symbols I 1 , I 5 , I 7 , , , and are the magnitude of current and phase angles of the 1 th , 5 th and 7 th harmonics, respectively. Fig. 3 shows the three-phase line currents with higher order harmonics. The fundamental frequency is 50 Hz, and there are 5th and 7th harmonic components. For the phase A, each harmonic component is shown separately in the bottom section of the figure. By using the switching functions, the inverter dc side current, , can be described as [6] (10)
where , and are inverter ac line currents. To find out the analytical formula for the switching functions S A , S B and S C , it is possible to set in (4) (5) (6) . That is the Fourier series of the transistor switching functions. The values of the switching functions are 0 or 1; here they are approximated by their Fourier series. Recalling the equations, there are the dc component, the fundamental component and the components around the carrier frequency or its multiple frequencies. If the high frequency components are ignored, it is possible to investigate the low frequency harmonics resulting from current harmonics. The low frequency is much less than the carrier frequency in this case. Using (4-6) and , the switching functions are
where HOT stands for higher order terms. For a SPWM inverter with a pure sinusoidal line currents, the inverter dc side current, , is [7] √ ( )
The high-frequency harmonics can be detected from (14). It is desirable to have an equivalent circuit of the inverter and load from the dc terminal to study different topics at the system level (e.g. stability) [8] , [9] . A simple model is to replace the unit by a constant current source. This model cannot be used to explain high frequency ripples in the DC-bus. Based on the developed equations of the inverter system at the DC-side, a more accurate equivalent circuit can be used. Fig. 4 shows the proposed equivalent circuit where coefficients a 11 , a 12 and a 20 are defined by (14). The major harmonics are around and . For the case that there are 5 th and 7 th harmonics on the line current, (14) is modified to the following equation, (15), by using (7-13). So, the inverter dc side current for a line current with higher order harmonics is In addition to higher order components, there are three components in the inverter dc side current; one dc component and two harmonic components with an order of 6. As can be seen from this equation, for a pure sinusoidal three-phase line current, there will be just a dc component that is responsible for the power transfer. In addition, there are two other ac components with a harmonic order of 6 that are the impact of 5th and 7 th harmonics of the ac line.
The higher order harmonics around the carrier frequency or its multiple frequencies can easily be filtered by the main capacitor, C. So, they are not considered here. However, the low frequency harmonic with an order of 6 is very severe in the system that needs a large filter to be smoothed. As mentioned earlier, this undesirable harmonic is the impact of 5 th and 7 th harmonics in the ac line currents. 
III. SIMULATION RESULTS AND DISCUSSIONS
The inverter dc side current is simulated for different harmonics and power factors to evaluate the impact of ac line harmonics on the dc side. Fig. 5 depicts the inverter dc side current for a SPWM inverter with a line currents presented in Fig. 3 . In addition, the inverter dc side current is shown for the case when the 5 th and 7 th harmonics are set to zero. As one can conclude from the figure, adding higher order harmonics on the ac line will increase the dc side current fluctuation. However, to be able to quantify the impact, a frequency spectral analysis has been performed where the results are shown in Fig. 6 , Fig. 7 and Fig. 8 . Fig. 6 shows the frequency spectrum for a pure sinusoidal line currents without higher order harmonics. The spectrum is the same as predicted in (14). Fig. 8 shows the spectrum of the inverter dc side current when there are 5 th and 7 th harmonics in the line current according to Fig. 3 . A low frequency harmonic is recognizable in the figure. This is according to the derived analytical equation (15). The switching frequency is 10kHz and the fundamental frequency is 50Hz in this case.
The resulting low frequency harmonic with an order of 6 is very difficult to mitigate. A large filter capacitor is needed to filter out this low frequency component which can be harmful for the battery. It is recommended that for the ac motor, the designer enhances the design towards a lower 5 th and 7 th harmonics since it has a considerable impact on the dc side battery current.
IV. CONCLUSION
The dc bus quality is an important concern for systems with multiple converters connecting to a common dc bus. The impact of higher order line harmonics of a threephase SPWM inverter on the dc side current is investigated in this paper. For a three-phase, three-wire system connected to a balanced load, it has been shown that the 5 th and 7 th harmonics in the line current will result in a 6 th harmonic current in the dc side. An analytical formula is presented to quantify this harmonic value. Simulation results are presented to verify the analytical formulation. 
